Introduction
Plants absorb silicon (Si) in the form of silicic acid (H 4 SiO 4 ). It is gradually becoming recognized nowadays as an important element for plants (Datnoff et al., 2007) . Tropical soils are generally deficient in this element, and soluble sources of Si are added to highly weathered soils with low Si available content, less than 2 mg kg −1 (Fox and Silva, 1978) , and this practice contributes to improvements in the nutritional status of plants, and promotes resistance to a variety of fungal diseases (Datnoff et al., 2001) . On the other hand, Si can be strongly bound to the mineral phases and, therefore, becomes less available for plants (Hobara et al., 2016) . Calcium-magnesium silicates (Ca/ MgSiO 3 ) correct acidity in the soil by raising pH values and provide readily available silicon, calcium and magnesium to plants through the following reaction: Ca/MgSiO 3 + H 2 O  Ca 2+ /Mg 2+ + SiO 4 4− (Ramos et al., 2006) . In the case of Si, silicates dissolve in acidic soil and promote the release of H 4 SiO 4 in solution (equations 1, 2, 3 and 4 of chemical equilibrium), with silicon in a form available to plants (Jones and Handreck, 1967) . Levels of Ca, Mg and K increase with increases in the soil pH, which is also a consequence of silicate fertilization (Ramos et al., 2006 The NT system can change the available Si content in soil solution and minimize the harmful effects of Al 3+ , especially in the surface layers, where there is greater concentration of organic matter (OM). Much of the Al is present in the soil solid phase and is in equilibrium with the liquid phase (Hiradate, 2011) . The greatest contribution of OM in soils under no-tillage (NT) systems minimizes the toxic effects of Al through the strong link of this metal with anions derived from organic acids. In this sense, silicate application under NT, in addition to providing available Si, has the potential to make Si even more available due to the strong interaction of organic matter components with aluminum, which is even stronger than hydroxyl ions (OH − ), and then provides more Si in soil solution by reducing the formation of aluminosilicates. Chemical (or ionic) speciation provides a detailing of the chemical composition of soil solution, including the forms of elements in the solution. Ca, Mg, K and Si species found in soil solution under NT, mainly in the surface layers (0-10 cm), or even more in soils subjected to the application of amendments, are still little known. Thus, detailed information about the species is necessary because soil management is able to alter them and, thus, interfere in their availability to plants.
Seeking to unite the benefits of surface application of amendments with NT, our aim was to evaluate the ionic speciation of Si, Al and exchangeable cations (Ca, Mg and K) at five sampling depths, considering a possible residual effect of both practices, for four crop systems, assuming that (i) H 4 SiO 4 is the predominant species of soluble Si in tropical soils and suffers no interference from the application of lime and/or calcium-magnesium silicate; (ii) the dissociated form of H 4 SiO 4 (H 3 SiO 4 − ) is irrelevant to the complexation of aluminum in soil solution due to the −1 , respectively), followed by a reapplication in Oct, 2011 (4.7 and 5.3 Mg ha −1 , respectively), aiming to raise base saturation (V%) to 70 %. In the reapplication the characteristics of lime were: ECCE = 74 %, CaO = 35 % and MgO = 12 %, and the characteristics of silicate were: ECCE = 66 %, CaO = 32 %, MgO = 9 % and SiO 2 = 22 %.
The following crops: soybean (Glycine max), corn (Zea mays), rice (Oryza sativa), soybean, corn, bean (Phaseolus vulgaris) and rice (sown in Nov), comprised the seasons' crops in the following agricultural years: 2006/07, 2007/08, 2008/09, 2009/10, 2010/11, 2011/12 and 2012/13, respectively. Soil samples were air-dried, slightly crushed, passed through a 2 mm sieve and then stored in plastic bags kept in the shade at room temperature until analysis.
Extraction and chemical analysis of soil solution
The aqueous extract method was used to extract the soil solution using a 1:1 soil:water ratio (Wolt, 1994) . Twenty grams of soil and 20 mL of ultrapure water were placed in a 50 mL centrifuge tube, which was then placed in a horizontal table shaker for 15 min at 150 rpm, followed by 1 h rest. The solution was then shaken again for 5 min followed by centrifugation for 30 min at 1,844 × g. Three extractions were performed to obtain extracts of cations, anions, and dissolved organic carbon, which were determined separately. To obtain the extract for determining cations and anions, the solution was filtered through a 0.45 μm cellulose membrane and stored for 15 days in a refrigerator until readings were taken. The extract for determining DOC (dissolved organic carbon) was filtered through a 0.7 μm GF/F glass microfiber filter that was previously calcinated at 500 °C for 6 h and then packed in glass vials subjected to washing and decontamination in hydrochloric acid solution (20 % HCl). About 0.1 mL of 30 mmol L −1 HgCl 2 solution was used for this last extraction with the aim of avoiding the proliferation of microrganisms. The filtered extract was stored for 30 days in a freezer until readings were taken.
All filtering for obtaining the extracts were performed with the aid of 25 mm diameter filters for the fraction of cations, anions and DOC. These supports were coupled in 60 mL plastic syringes in which the extract obtained after centrifugation was placed, and filtered under pressure by manual force. In the solutions, immediately after centrifugation, pH was determined by potentiometry and the electrical conductivity (EC) by electrometry (used to calculate the ionic strength of the soil solution). The cation contents (K, Na, Ca, Mg, Cu, Zn, Fe, Al and Si) were determined by ICP-OES, whereas the anion contents ( , Cl − and F − ), were determined by ionic chromatography; and the DOC, in carbon analyzer. Ultrapure water was used as control, and reference standards were used as quality control and for calibration curves of the equipment.
The ionic force of solution (I) was obtained according to equation 5 (calculated automatically by the Visual MINTEQ software program), cited in Sposito (1989) , taking into account the contents of certain elements in the solution. ) of each ion from solution and Zi its charge.
Ionic speciation of soil solution
The ionic speciation of the soil solution was based on the values of the concentrations of organic and inorganic cations and anions, by using the Visual MINTEQ software program (Gustafsson, 2013) . The free species, the complexed species and the activity of the elements in solution were then estimated. The species linked to organic anions were estimated based on the DOC content by "Gaussian DOM" model (Grimm et al., 1991) . The software has a database containing the values of the constant values of formation and stability of all possible species. Thus, it was possible to simulate the percentage distribution of species formed at a given pH, measured in the aqueous extract. All determinations for a given sample were inserted into the software program, and then the speciation was calculated. The concentration of each element in each aqueous extract was verified for each sample. For this, all species for a given element were summed, and then this value was verified against the determined value (from the extract). The average (n = 4) has been used for the species calculated in each sample.
Statistical analysis
For the statistical analysis, the results were plotted as a percentage distribution of species followed by mean standard deviations for lime and Ca-Mg silicate, separately, and for each crop system, aiming to verify the isolated effect of the soil amendments over the main species in question. The distribution in percentages of each species in the soil solution was obtained as a function of the soil amendments application and sampling depths, for each crop system. Next, the percentages of each species were compared at each depth and each crop system using the mean standard deviation (with four replications). Pearson correlation and linear regression analyses were configured by the Excel software program and extracted between the total concentrations of the ions and the activities of their free forms in aqueous solution. Linear regressions were constructed with 95 % of confidence, which is in alignment with the probability of error in the fit of the regression model obtained by the Excel software program.
Results and Discussion

Aluminum
Regardless of correctives and crop systems, the activity of aluminum in free form (aAl 3+ ) was positively correlated with the total metal concentration in aqueous extract (Alt) in the first three layers (from 0-5; -5-10 and -10-20 cm). On the other hand, there was no correlation between the samples from the remaining two layers (20-40 and 40-60 cm) (Table 2 and Figure  1 ). Ionic aluminum in free form (Al 3+ ) is potentially the most phytotoxic form of this metal (Ma and Furu- kawa, 2003) . The differences found between Alt and aAl 3+ in aqueous extract suggest that the total concentration of aluminum represents neither its availability nor its potential phytotoxicity (Zambrosi et al., 2007) On average, aAl 3+ corresponded to approximately 3 % of the total aluminum concentration in all five soil layers for all treatments studied. Zambrosi et al. (2007) found differences of almost 1 % in their study compared to 40 % in other authors' studies for aAl 3+ in relation to Alt, respectively. However, these other authors did not determine the fluoride content (F − ) for calculating the activity of aluminum in solution. Fluoride ions (F − an- ions) combine strongly with Al 3+ (Merino et al., 1998) Bessho and Bell (1992) found that the addition of lime (CaCO 3 ) and the leaves of leguminous plants and straw bean plants in samples of the surface layer of an Oxisol reduced the activity of aluminum monomeric species, which corresponded to 20 % of the total Al concentration in solution. This occurrence is attributable to the formation of aluminum ion complexes with organic compounds released by plant residues, as well as Al 3+ , residues of lime reaction in the soil surface, both of which contribute significantly to reducing Al 3+ activity in solution. Correlations between Alt and aAl 3+ were positive in all layers with higher coefficients of determination in the first three layers (Figure 1) . The low values of aAl 3+ compared to the Alt are due to complexation of Al 3+ by organic anions, which decreases this ion's activity in solution, especially in the topsoil layers (Vance et al., 1996) . In the deeper layers, where there is little OM activity, low correlation may be related to differences in the concentrations of organic compounds and fluoride (F − ) in solution. Failure to correct the pH in the subsurface, taking into account the fact that the application of correctives occurred in the top surface layers, may also explain the low correlations being related to differences between the concentrations of hydroxyls (OH − ) and fluoride (F − ).
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In accordance with the findings of Zambrosi et al. (2008) , aluminum was detected in lower quantities in the free form (Al 3+ ), and in greater quantities when forming complexes in the soil solution (Figure 2 ) regardless of corrective or crop system adopted. According to Drabeck et al. (2005) , the toxicity threat to the plant decreases in the following order: Al 13 polymers (except for phosphates and silicates), Al (Table 3) . Overall, this species was found with more frequency in the deepest two layers, (the major part in the 40-60 cm layer) where the performance of OM and correctives is generally poor.
According to an average based on all the treatments, the Al-DOC species was predominant in the majority of cases, surpassed by the Al-F species only in the 0-20 cm layer under two systems -Season -Forage and Season -Fallow (Figure 2) , and the Al-OH species in the upper surface layer (0-5 cm) of the Season -Fallow system under which both correctives were applied; the Season -Green-crop system, under which calcium-magnesium silicates were added; and Season -Off-season system under which only lime was added (Figure 2) .
The Season -Fallow system does not maintain vegetation in the soil during the off-season, which reduces the supply of both OM in the soil and, consequently, organic acids mineralized during OM decomposition. The organic anions derived from these acids form complexes with Al (Al-DOC), and this accounts for the higher percentage of Al-OH species, compared to the Al-DOC species, in the upper layers. OM decomposition under the Season -Fallow system may have occurred gradually, and is possibly explained by several factors, including higher Si in the grasses, which adds rigidity to the plant structure and retards its rate of decomposition (Ramos et al., 2006) . In the deeper layers of the soil, where there is no strong presence of organic compounds or correctives, the F − will prevail when combining with Al (Zambrosi et al., 2007) , which also depends on the concentration and activity of the fluoride in solution.
Although, in general, the greater part of the root system of crops of agricultural interest is to be found in the first 10 cm below the surface, the root system can extend down to 40 cm. The complexation of Al by DOC, up to a depth of 40 cm, remained unaffected by acidity correctives treatments (Zambrosi et al., 2008) . Alleoni et al. (2010) observed that the proportion of Al-DOC in the soil solution under NT was approximately 85 % in the layer from 0.0 to 0.2 m, and this proportion was only slightly affected by the application of lime on the surface. Adams et al. (1999) found that the amount of Al-DOC positively correlated with concentrations of dissolved humic substances (high molecular weight) in acidic soils in New Zealand. Thus, the dissolved organic anions gain stability from complexing with Al in solution, and its contribution depends on the OM activity in the soil.
Generally, all species bind to the F − ion and organic compounds (DOC), and precipitate as Al(OH) 3 . Although Al 13 (Al 3+ ) is the most toxic, or most damaging, species to plant root systems it is not usually present in high numbers in soils (Drabeck et al., 2005) , as was revealed by our study. Even under the natural conditions of acidic soils where, in solution, low to moderate concentrations of Al 3+ of the complexes formed can be observed between aluminum and fluoride (Al-F) and aluminum and dissolved organic carbon (Al-DOC) still prevails as the most commonly found aluminum species (Merino et al., 1998) . Fluoride (F − ), which strongly competes with DOC, was responsible for the strong complexation of Al in soil solution (Figure 2) , given that the magnitude of such complexation, particularly in highly acidic soils (pH < 4.8) is of fundamental importance, since it reduces the toxicity by the Al-F x species formation (Alva and Sumner, 1988) .
Where the complexation of Al by F − is intense, it is possible that there has been an application of phosphate fertilizers containing fluoride (Zambrosi et al., 2007) . In this study, the average content of F − in the samples was 0.24 mg L −1 , well below that normally present in natural conditions, around 1 mg L −1 (Noemmik, 1953) . Thus, aluminum complexes with phosphates and sulfates prevail over Al-F x in samples with F − concentrations that are reduced or even absent, but are almost always less than the amounts of Al-DOC.
Sulfate (S-SO 4 2−
) and phosphate (P-HxPO 4x ) generally form ion pairs on smaller scales ("other species"), as observed by Zambrosi et al. (2008) . In this study, the largest quantities of sulphate and phosphate appeared only in those samples in which there was no detectable fluoride ion or where either it was not detected at all or it was detected in very low concentrations (Figure 2 2+ species appeared in negligible quantities, in general, reaching a level less than 1 % of all species of Al.
Sulfate and phosphate have similar binding constant values for complex formation with Al, which are both very much lower than the binding constant values between Al and F (Walthall and Lindsay, 1996) . These complexes follow a descending order of stability: AlF 2 + > AlH 2 PO 4 2+ > AlSO 4 + with K 0 log values equal to 6.98, 3.50 and 3.10, respectively (Lindsay and Walthall, 1995) . In many cases, the chemical species Al-H x PO 4x (AlH-PO 4 + + Al 2 PO 4 3+ ) are barely detected (Zambrosi et al., 2008) , which could also be due to the low concentration of phosphate ion in solution (Tables 3, 4, 5 and 6). In our study, sulfate also minimally influenced Al behav- ior in solution. According to Alvarez et al. (2002) , the AlSO 4 + species, non-toxic to plants (Pavan et al., 1982) , was rarely found in Spanish soils which have different parent materials. Zambrosi et al. (2008) reported small increases in participation of the Al-SO 4 + species after the application of gypsum.
Liming and silicate application promoted an increase in the amount of hydroxylated forms of Al (Al-OH) due to the increased pH of the solution, especially in the first layer (Figure 2) , and such forms are considered less toxic to plants than the free form Al +3 . The range of variation in pH in this layer (0.00 -0.05 m), taking into account the Season -Fallow system, was 4.8 for the samples of control treatment, 6.1 for samples that received lime and 6.4 in samples which received Ca-Mg silicate (Table 6 ). In the same layer, under the Season -Green-crop system, the pH value was also lower for the control (pH = 5.3) and higher for the silicates (pH = 6.1); already under the Season -Off-season system the control treatment also had the lowest pH (5.2), with the highest value being observed after the addition of lime (pH = 6.3) (Tables 5 and 4, respectively). Consequently, to what extent the application of lime and the calcium-magnesium silicates can neutralize the toxicity of Al is dependent on the pH of the soil solution as well as the presence of organic compounds and fluoride, and their respective concentrations and activities in solution. Among the species formed from Al in the soil solution, hydroxylated Al species are the most sensitive to management practices because of their dependence on the pH of the soil (Zambrosi et al., 2008) .
Calcium
Regardless of sampling depth, crop system adopted and correctives reapplied, the free form of Ca (Ca 2+ ) was predominant in the soil solution, while the Ca-DOC species was in second place (Figure 3 ). This factor reflects the strong influence of OM, its subsequent decomposition, and the release of soluble organic compounds (DOC) in the speciation and complexation of Ca in soil solution. This complexation is important in soils that have accumulated OM on the surface due to management practices adopted, such as NT (Zambrosi et al., 2008) .
The complexing of Ca by organic anions facilitates vertical mobility of this element deep in the soil, arising from the accumulation of organic residue and release of anions at the surface. These anions complex the cation (Ca 2+ ) and favor its leaching and mobilization (Cassiolato et al., 2000) . There was considerable complexation of Ca by DOC up to a depth of 60 cm (Figure 3) , and the same was observed by Zambrosi et al. (2008) up to a depth of 80 cm. Thus, there is strong evidence that this form of leaching occurs in areas under NT.
Ionic pairs of calcium and inorganic anion (sulphate, chloride and nitrate) in the soil solution also collaborate in mobilizing this cation through the length of the soil profile (Pavan et al., 1984; Piirainem et al., 2002) .
In this study, sulfate was the inorganic anion which most formed ionic pairs with calcium (CaSO 4 ) in all five layers of the soil sampled for all correctives and crop systems adopted. However, in general, the quantity did not exceed 5 %. There were also associations of Ca with fluoride (CaF + ), phosphate (CaHPO 4(aq) ; CaH 2 PO 4 + ), chlorine (CaCl + ), and nitrate (CaNO 3 + ) ("other species"), representing, however, when present, less than 1 % of the total of all species of Ca. Adams (1971) states that the ion pairs of Ca 2+ with these anions (Cl − and NO 3 − ) do not occur or are very irrelevant, while the sulfate may have a higher expression compared to other inorganic anions, though still significantly less than DOC.
The results of Ca complexing with inorganic anions corroborate Chaves et al. (1991) , who claim that the NO 3 − , Cl − and the SO 4 2− are the main inorganic binders of Ca in solution, because they form part of the composition of the majority of fertilizers used in agriculture. Ca binding with inorganic anions follows the ensuing stability sequence: SO 4 2− > Cl − > NO 3 − , and the stability of each complex-dependent activity of anions in solution (Lindsay, 1979) . The formation of these pairs of ions, in addition to acting directly on the mobility of calcium (leaching), interferes with availability to plants. These ionic pairings result in the chemical potential or real ion availability being reduced (Zambrosi et al., 2008) . Chaves et al. (1991) observed that the absorption of Ca by coffee (Coffea arabica) tree roots (after the application of calcium salts) in two northern acidic Oxisols in the state of Paraná, Brazil, followed the order: Ca 0 even after gypsum application, and the CaSO 4 0 was uniformly distributed along the profile (up to 80 cm) regardless of application of lime or gypsum. Liming and silicate application had no obvious effects on the distribution of the species of calcium, and there were no noticeable changes in comparisons made between depths. Unlike in Zambrosi et al. (2007) , free form Ca (Ca 2+ ) did not decrease at lower depths in the soil profile, but maintained their high activity level and a positive correlation with the total concentrations of Ca in the aqueous extract (Table 2 and Figure 4) . On average, the activity of calcium (aCa 2+ ) corresponded to 65 % of Cat, in the five layers studied (Table 2 and Figure 4) .
As there were no differences between the applications of lime and Ca and Mg silicates in any of the five layers, it can be inferred that the positive correlation between the activity of the free forms of Ca (aCa 2+ ) and the total concentrations of this element in solution (Cat) were due to increased aCa 2+ as a consequence of greater Cat concentrations in solution, which are represented by the higher percentages obtained with the free form of Ca 2+ (Table 2 and 
Magnesium
As with Ca, DOC was the main Mg binder in the soil solution (Mg-DOC), but to a lesser extent than the Ca-DOC. The free forms (Mg total ("other species") ( Figure 5 ). The magnesium complexes of chloride and nitrate have stability constants which are very close (logK 0 ~ 0.6), but are of minimal significance in solution (Lindsay, 1979) . The amount of free form magnesium (Mg 2+ ) is much greater than when in association with organic anions and, in the main, inorganic anions (Table 2 and Figure 6 ). For the inorganic anions, the nitrate ion pair also failed to form an ionic pair in significant amounts with Mg, which can indicate little activity of this cation at depth. The organic anions were significant contributors to the mobility of Mg, as were the components of the soil solution which combined with a higher proportion of this cation across all layers, as observed by Zambrosi et al. (2008) . The total concentrations of Mg in aqueous extract (Mgt) were highly positively correlated with aMg 2+ in all layers (Table 2 and Figure 6 ). On average, aMg 2+ corresponded to 81 % of the total Mg concentration in the five layers studied, or even higher than the percentage of aCa 2+ compared to Cat. This fact can be explained by higher percentages of Mg 2+ and lower Mg-DOC compared to Ca 2+ and Ca-DOC, respectively.
Potassium
The activity of free form K (aK + ) was not affected by any of the treatments (Table 2 and Figure 7) , even in the two deepest layers, where total K concentrations were reduced (Tables 3, 4, 5 and 6). The activity of K free ions positively correlated with soluble concentrations (Table 2 and Figure 7) , and high aK + corresponded to total concentrations of the ion in solution (Kt). On average, aK + corresponded to 96 % of the total concentration of K in solution for all depths, this number being quite similar to that observed by Zambrosi et al. (2007) , who observed a value of 95 % for such activity. Potassium, unlike Ca and Mg, was not complexed by organic anions in solution. The percentages of ion pairs to K (KCl (aq) , KNO 3 and KSO 4 − ) represented less than 1 % of the total, regardless of crop system, treatment or depth sampled.
In well-drained soils, complexes with K have little relevance (Lindsay, 1979) . In moist tropical soils with high clay content, iron oxides form strong aggregates in Oxisols which allow leaching and facilitate drainage. However, the interaction of potassium with anions in soil solution affects the leaching of the monovalent cationic form (K + ) since potassium facilitates the migration of anions along the soil profile.
Silicon
Monosilicic acid (H 4 SiO 4 ) prevailed in all the soil layers for all crop systems, regardless of the corrective applied (Figure 8 ), which was expected in Oxisols judging by the range of variation in pH observed in water extracts. The H 4 SiO 4 species, in general, accounted for almost 100 % of Si species in soil solution, with a number of exceptions (Figure 8 ). The activity of the most protonated free form of Si in the water sample taken from the ground (aH 4 SiO 4 ) also remained unaffected by treatments (Table 2 and Figure 9 ), even in the deepest layers, where the concentrations of H 4 SiO 4 were reduced (Tables 3, 4, 5 and 6).
The H 4 SiO 4 activity positively correlates with the soluble concentration of the species (Table 2 and Figure  9 ). The high level of aH 4 SiO 4 corresponded to the total concentrations of the species in solution (H 4 SiO 4 t), which further enhances the strong presence of monosilicic acid in soil solution. On average, aH 4 SiO 4 corresponded to almost 100 % of H 4 SiO 4 t solution.
At pH values around 7, less than 1 % in the form of H 4 SiO 4 ionizes to negative (silicate anion H 3 SiO 4 − ), and the degree of ionization decreases as the pH decreases (McKeague and Cline, 1963) . For the conditions of this study, we noticed the substantially reduced presence by approximately, in general, less than 1 % of the aluminum species complexed with silicate anions (AlH 3 SiO 4 2+ ), which could be responsible for a decrease in Al 3+ phytoxicity in solution. Where the pH values exceeds the neutral level, the presence of silicate in solution increased as pH increased. However, other complex aluminum ion stability constants have even greater stability than H 3 SiO 4 − and start to predominate in solution as is the case with Al complexes formed with hydroxyls ( Figure 10) .
On the other hand in a solution with the presence of only aluminum and silicon in equimolar fractions, it is known that the AlH 3 SiO 4 2+ species is present in solution in pH ranges varying from 3.5 to 6.5, such as is commonly found in humid tropical soils, and its percentage in solution can reach approximately 10 % of the distribution of species at pH values close to 5.5 (Figure 10 ). The activity of these species reached levels comparable to those in their solution concentrations. The presence of more ions in solution alters the distribution of all possible species in solution depending on their concentration and respective activities.
The aluminosilicate species (AlH 3 SiO 4 2+ ) in solution represented approximately 2 % under the Season -Forage system, in the 0.00-0.05 m layer where lime was applied to the surface (Figure 8 ). In this sample, the pH value (24 months after the last application of lime) was 5.7 (Table 3) , and aluminum and silicon concentrations were 0.39 and 0.36 mmol L −1
, respectively (Table  3) , which is considerably higher compared to other treatments and other production systems in the five layers (Tables 3, 4 , 5 and 6). Thus, high concentrations may also have influenced the activity of these ions in solution and consequently the species formed, and behavior patterns were similar to those shown in synthetic solutions (Figures 8 and 11 ). , whereas the solubility of free form Al 3+ is nil after pH = 6 and the silicate anion begins to increase when the pH is around 7 (neutral range) (Figure 10 ).
The Si (Si
4+
) species complexed with the fluoride ion (F − ) was also detected, but in concentrations close to zero, despite having a relatively high stability constant (SiF 6 2− , log K 0 = 30.18). This is because the free Si 4+ species hardly appears in the tropical acid soil solution due to the low pH value. The solubility of Si 4+ occurs in an alkaline environment, and even this free form is minimally complexed by fluoride (F − ).
Sulfur
Ionic pairs of monosilicic acid with sulfate were formed in solution (H 4 ) for the Season -Forage system, in the control treatment at a depth of 20-40 cm (Table 3) ) for the same sample, that is, an S total value certainly much higher than that normally found in soils, which indicates probable contamination of the area for the sample in question. Neptune et al. (1975) classified as average the S total content of between 209 and 398 mg kg −1 of a tropical soil after alkaline digestion with NaOBr. Sulfur contents in the humid tropical soils would be even lower than those in a temperate climate due to sulfate leaching along the length of the soil profile.
Sulfate (SO 4 2− ) was the predominant species, occupying approximately 95 % of the total in soils. Moreover, the average total percentage taken from all depths was 82 % for sulfate activity (aSO 4 2− ) with respect to the S total (St) obtained in water extracts and the coefficient of determination was 0.99. For the deepest two layers, the percentage ratio of aSO 4 2− /St was 82 %, and the R 2 = 1; and 85 % with R 2 = 0.99 to 20-40 and 40-60 cm, respectively (for all the results, p < 0.05). Under conditions of synthetic solution, without interference of the activity of other ions in solution, the presence of Si species complexed with SO 4 2− , defined by the ion-pair H 4 SiO 4 -SO 4 2− , log K 0 = -0.54 (Visual MINTEQ) is registered in percentages above 25 % for concentrations of S thousands of times higher than Si (Figure 12 ).
These factors were reflected in the formation of the H 4 SiO 4 -SO 4 2− species, in relation to other species, and were different from the H 4 SiO 4 species, even in the presence of other ions in solution (Figure 8 ). The application of gypsum (post-liming), as well as the adoption of NT, can increase SO 4 2− content in the soil. Firstly, to promote mobility of SO 4 2− down to the deepest layers (where a good part of the roots is located) and, therefore, complex toxic elements and has other components in solution and secondly, to ensure S organic mineralization, responsible for more than 90 % of the total S in soils (Neptune et al., 1975) .
Conclusions
For all crop systems, silicon was almost entirely in the form of H 4 SiO 4 in the aqueous extract, and the activity of this species was equivalent to its concentration in solution, providing negligible percentage values , regardless of depth sampled and the amendment applied.
Unlike K, Ca and Mg formed complexes with the DOC no matter the sampling depth, and the free forms of these three cations are the most prevalent species in this experiment. Their total concentrations were also strongly correlated with the activity of free forms in solution.
Aluminum was predominantly complexed with dissolved organic carbon and not in its free form Al 3+ in aqueous extract, as expected, this result being observed even at the lowest depths (60 cm). (Gustafsson, 2013) .
